This paper designs a combined cooling heating and power (CCHP) system, which realizes cooling function with an absorption refrigerator and an electric refrigerator. The main devices of the system were analyzed and modelled separately. Next, a multi-objective optimization model was established to improve the system performance in terms of energy efficiency, operation cost and greenness. Meanwhile, the population coding and selection process of multi-objective artificial bee colony (ABC) algorithm was improved to solve the proposed optimization model. Finally, the proposed optimization model was verified through simulation experiments. The research findings shed new light on the operation features of the CCHP system under the optimization strategy, and the coupling between the different objectives.
INTRODUCTION
Combined cooling, heating and power (CCHP) system [1] makes cascade utilization of energy, and generates electricity, and achieves refrigeration, heating and power generation at the same time. In traditional energy utilization systems, the power generation efficiency is merely 40 %, that is, the majority (60 %) of energy is wasted. The CCHP system pushes up the energy utilization rate to 80 % by recovering the waste heat from power generators. Another advantage of the system lies in the reduced emission of CO2 and other pollutants.
The CCHP system, featured by the coupling among multiple energies, encompasses devices of various technical categories and structural forms [2] [3] . The system devices include power generators, refrigerators, heaters, energy storage devices and waste heat recovery systems. There are many kinds of CCHP systems, that vary in terms of energy type, device model and system scale [4] [5] [6] .
The existing CCHP systems are often categorized by power generators, for the diversity of system process hinges on the variability of power technology. In fact, power generators capable of thermoelectric conversion are cornerstones of the CCHP system. In the CCHP system, heat-driven refrigerators are the main devices that utilize waste heat. These refrigerators may differ greatly in refrigeration principle, driving media and working efficiency [7] . In addition, there are marked differences between the waste heats from different power plants, and between absorption refrigerators in the temperature and form of driving heat source.
Facing the vast differences above, it is necessary to properly select and configure every device in the CCHP system. Otherwise, the system capacity will fall short of or exceed the requirement, failing to achieve the desired performance. This calls for a rational and effective way to optimize the design of the CCHP system, coordinate the operation between all components, and maximize the system benefits. The design optimization needs to tackle many issues, including but not limited to device selection, capacity allocation and parameter design.
The design optimization is by no means an easy task. The strong coupling in the CCHP system requires careful weighing of energy efficiency, economy, environment and social benefit. To make matters worse, the CCHP system performance will be dampened greatly by off-design operation. In severe cases, the system will fail to save energy and reduce emission, but lead to even greater waste. Therefore, an effective and feasible energy management strategy must be integrated to the design optimization.
In light of the above, this paper designs a CCHP system that realizes the cooling function with an absorption refrigerator and an electric refrigerator. The main devices of the system were analyzed and modelled separately. Next, a multiobjective optimization model was established to improve the system performance in terms of energy efficiency, operation cost and greenness. Meanwhile, the population coding and selection process of multi-objective artificial bee colony (ABC) algorithm was improved to solve the proposed optimization model. Finally, the proposed optimization model was verified through simulation experiments. The research findings shed new light on the operation features of the CCHP system under the optimization strategy, and the coupling between the different objectives.
LITERATURE REVIEW
The CCHP system is highly nonlinear, with strong coupling between various energies. To improve the system performance, many simulations, computations and experiments have been conducted to derive system models, coupling relationship, optimal design and operation control.
In the field of mechanism modelling, Fang et al. [8] established simulation models of the CCHP system based on various factors, such as variable efficiency, energy consumption of peripheral devices, and number of devices, and explored the impact of each model on operation cost. Taking gas turbine and other devices as black boxes, Arosio et al. [9] identified the parameters of CCHP system performance, created a simulation model of the system, and disclosed the effect of each parameter on the performance of small-scale combined power system. Teng et al. [10] set up a mixed integer linear programming model for cogeneration system, and optimized the system performance in terms of investment cost, energy cost and CO2 emission. Liu et al. [11] derived the real-time energy flow function of cooling, heating and power, optimized the dispatch under the traditional operation mode, and improved the economy and greenness of the CCHP system. Using semi-tensor product (STP) operation, Zhang et al. [12] transformed fuzzy reasoning and rule-based system into matrix form, developed a matrix model of the fuzzy relationship between input and output variables, and validated the model through simulation and experiment. Jing et al. [13] modelled the CCHP system by the fuzzy multi-criteria decision-making model.
In the field of design optimization, Ali et al. [14] proposed an optimal allocation model for the CCHP system, and solved it by genetic algorithm (GA) to obtain the optimal capacity and operation mode of the system. Pantaleo et al. [15] introduced heat pump technology into traditional cogeneration system, optimized the system by mixed integer programming, and verified through simulation that the optimized system outperformed separate power system by 10 % in primary energy utilization rate. Jayasekara et al. [16] established a nonlinear optimization model for combined power system, and compared the system performance indices (e.g. cost recovery period and economy) under different energy policies. Jing et al. [1] designed a CCHP system with solar energy, optimized the design of system components like solar energy collector and photovoltaic power generator, and thus improved the system's energy efficiency and greenness. Considering the configuration of hybrid system, Wang et al. [17] set up an optimization model for the maximal primary energy utilization rate and minimal primary energy emission, and contrasted the optimal capacity of devices under different combinations of weight coefficients in each objective function.
To sum up, the existing studies on the design optimization of the CCHP system rarely consider the reliability of main devices under different operation conditions, making it difficult for the optimized system to adapt to actual conditions. What is worse, the constraints between key parameters and system performance have not been fully exploited, such that the optimal designs cannot balance the interests of different shareholders. Therefore, this paper attempts to achieve desired system performance by adjusting device capacity and key parameters in the design process.
DESIGN OPTIMIZATION OF THE CCHP SYSTEM
Despite the variety of relevant fields, descriptive forms and solutions, the design optimization of the CCHP system can be summed up as the unified mathematical formula below:
where x is a n-dimensional variable; f(x) is the objective function; h(x) is the equality constraint on x; g(x) is the inequality constraint on x. Thus, the system optimization aims to obtain a x-solution that maximizes or minimizes the value of the objective function under the constraints. With the aim to improve energy efficiency, economy and greenness, the design optimization of the CCHP system is a typical multi-objective optimization problem. The basic flow of the problem is illustrated in Figure 1 below.
Figure 1. Basic flow of the design optimization of the CCHP system
The CCHP system performance can be improved effectively by adjusting the technical and economic parameters. Nonetheless, it is difficult to change these parameters significantly under the existing conditions. In addition, the parameters differ greatly in their effect on system performance. Therefore, the author decided to enhance the system performance by optimizing the capacity of main units and the key operation parameters. The CCHP system can be regarded as the integration between a combined heat and power (CHP) system and the cooling module. The cooling function is realized by the refrigeration technology driven by waste heat. The main devices are mostly absorption refrigerators. However, the amount of waste heat is very limited due to the small size of the power generators. Thus, the system only supports single-effect absorption refrigerators with low coefficient of performance (COP), which exerts a negative effect on system performance in summer. To solve the problem, a high-COP electric refrigerator was added to realize mixed cooling. After the modification, the CCHP system is described in Figure 2 .
After the addition of the high-COP electric refrigerator, the power supply-consumption balance of our CCHP system at time t can be expressed as:
where ( ) is the power consumption of the electric refrigerator at time t. The value of ( ) can also be computed by:
where is the refrigeration capacity of the electric refrigerator;
is the COP of the electric refrigerator. Because mixed refrigeration is adopted in summer, the ratio coefficient of electric refrigeration can be defined as: = + Considering the complex structure and numerous devices in the CCHP system, the design optimization should pay special attention to the selection of specific variables. In fact, most devices in the system are slave peripherals. Their capacities can be determined easily according to the capacity of the active device.
In this paper, the capacity of internal combustion engine , device start-stop coefficient and electric refrigeration ratio coefficient β are taken as optimization variables. Drawing on the structure of the traditional CCHP system, our CCHP system was optimized to achieve three objectives: energy efficiency, economy and greenness. The three objectives were measured by energy saving rate (ESR), annual cost recovery rate ( ) and CO2 emission reduction rate (ERR), respectively.
In multi-objective optimization problems, it is inevitable for the different objectives to have conflicts. Thus, the optimization result is actually a compromise between the multiple objectives. The weight factors are often introduced to describe the tradeoffs. Different combinations of the weight factors will lead to different optimization results. Therefore, the multi-objective optimization function of our CCHP system can be expressed as:
where 1 , 2 and 3 are the weight factors of the ESR, and ERR, respectively; V is the comprehensive optimization objective. The three weight factors must satisfy the following equality constraint of energy balance:
The following inequality constraints were added to ensure the rationality of our model in actual operation:
where and are the upper and lower bounds of the capacity of the electric generator;
is the upper bound of the minimum load rate of devices. These inequality constraints limit the optimal variables to a reasonable range.
OPTIMAL SOLUTION BASED ON MULTI-OBJECTIVE ABC ALGORITHM
The basic model of the ABC algorithm [18] mimics the foraging behavior of bees in the search for the optimal solution. Each honey source is viewed as a feasible solution to the target optimization problem, and described as an n-dimensional vector. The solutions in the feasible range of the problem form a population, in which each individual corresponds to a honey source. Thus, the population size equals the number of honey sources.
The search starts with the random initialization of the population. At the beginning, a number of honey sources are generated randomly within the feasible range. The number of honey sources is the size of the initial population. The initial positions of the honey sources can be defined as:
where i=1,2,…,N is the serial number of honey source; j=1,2,…,D is the dimension of the solution vector; is the jth coordinate component of the i-th honey source;
, and , are the maximum and minimum values of on the jth coordinate component, respectively.
After initialization, the employed bee, the onlooker and the scout look for the honey sources sequentially through the iterative process. The employed bee and the onlooker can search for new honey sources near their original honey sources. The position of each new honey source ′ can be described as:
where k≠i is a random number in [1, N] . The onlooker identifies the employed bee with the best fitness through roulette selection, and carries out neighborhood search around the identified individual to determine new excellent individuals.
After a honey source has been searched for a limited number of times, the quality of the honey source does not change. In this case, the original bee at the source leaves, and the corresponding employed bee or onlooker will transform into a scout. Then, the scout will randomly select a new honey source through global search and use it to replace the original source. In this way, the algorithm avoids the local optimum trap and converges to the global optimum. In each iteration, the good individuals are retained and bad ones are eliminated. Finally, the global optimal solution can be achieved. The specific flow of the multi-objective ABC algorithm is presented in Figure 3 below.
In the basic ABC algorithm, the quality of each solution is evaluated by its fitness, which is computed by the objective function. Considering the conflicting between multiple objectives in the optimization problem, the method to evaluate solution quality should also proceed from the multi-objective perspective. According to Pareto dominance model, a solution should rank non-dominantly before individual evaluation. The purpose of sorting is to prepare for the selection and elimination of the later solutions. In practice, the results of non-dominated sorting should be normalized by:
where is the Pareto level of individual i;
is the highest dominance of the current population.
The interaction between local search and global search is the key to the operation of swarm intelligence algorithms like the ABC. To enhance the search ability of the ABC algorithm, the search formula was improved to make local search results closer to the optimal solution:
where T is the adaptive adjustment of parameters in neighborhood search formula. Another focal point of multi-objective optimization is to define the solution structure and assure the new solutions are feasible scheduling solutions. The solution structure is usually expressed as a matrix or a vector [19] . The latter means ranking the solutions by vectors. During decoding, the processing stages are gradually promoted according to heuristic principles.
In this paper, the vector coding is improved into a chromosome coding method. Let solution vector = ( 1 , 2 , … , , … , ) be a honey source of the ABC algorithm. According to the initial processing sequence derived from the join vector and two heuristic rules, the scheduling arrangement in the subsequent stage can be solved. The flow chart of the improved algorithm is shown in Figure 4 .
Based on the above analysis, the improved ABC algorithm was used to solve the optimal design model. The honey source X was defined as the combination of capacity of internal combustion engine , device start-stop coefficient and electric refrigeration ratio coefficient β: 
SIMULATION TEST AND RESULT ANALYSIS
A simulation model was constructed in light of the structure of the proposed CCHP system. Then, an aquaculture farm in Beijing was cited as an example to verify our design optimization method. Its annual hourly load data of the farm is shown in Figure 5 . According to the climate of Beijing, May to September was defined as summer, January to March as winter, and the other months as the transitional season. In summer, the recovered waste heat is mainly used to drive the absorption refrigerator, while the auxiliary electric refrigerator works to realize mixed cooling. In winter and the transitional season, the recovered waste heat is directly heated; if the heating capacity is lacking, the gas boiler will make up for the gap. Table 1 lists the parameters of each component in the CCHP system. The multi-objective ABC algorithm was adopted to solve the optimization problem. The fitness values of objective function through the convergent process is shown in Figure 6 . As shown in Figure 6 , the objective function converged rapidly within 200 iterations, indicating the effectiveness of our multi-objective optimization model.
CONCLUSIONS
This paper probes deep into the operation features and defects of small-scale CCHP system under the basic operation mode, and then proposes the design optimization method and efficient operation strategy to enhance the system performance in energy efficiency, economy and greenness. Meanwhile, the population coding and selection process of multi-objective artificial bee colony (ABC) algorithm was improved to solve the proposed optimization model. Finally, the proposed optimization model was verified through simulation experiments. The research findings shed new light on the operation features of the CCHP system under the optimization strategy, and the coupling between the different objectives.
